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The non-observation of new particles at the LHC suggests the existence of a mass gap above
the electroweak scale. This situation is adequately described through a general electroweak effective
theory with the established fields and Standard Model symmetries. Its couplings contain all infor-
mation about the unknown short-distance dynamics which is accessible at low energies. We consider
a generic strongly-coupled scenario of electroweak symmetry breaking, with heavy states above the
gap, and analyze the imprints that its lightest bosonic excitations leave on the effective Lagrangian
couplings. Different quantum numbers of the heavy states imply different patterns of low-energy
couplings, with characteristic correlations which could be identified in future data samples. The pre-
dictions can be sharpened with mild assumptions about the ultraviolet behaviour of the underlying
fundamental theory.
PACS numbers: 12.39.Fe, 12.60.Fr, 12.60.Nz, 12.60.Rc
INTRODUCTION
The LHC data have confirmed the validity of the Stan-
dard Model (SM) framework at the electroweak scale, in-
cluding the existence of a light Higgs boson [1]. Moreover,
the absence of signals of new phenomena pushes at higher
energies the scale of hypothetical new dynamics, beyond
the TeV in most scenarios. While there are many pro-
found reasons to think that the SM is not the ultimate
fundamental theory and new-physics should indeed ex-
ist, a mass gap between the electroweak and new-physics
scales appears to be present. Below the gap, the only
possible signals of the high-energy dynamics are hidden
in the couplings of the low-energy electroweak effective
theory (EWET), which can be tested through scattering
amplitudes involving only SM particles.
The EWET contains the most general Lagrangian,
built with the established fields, compatible with the SM
gauge symmetries and the known pattern of electroweak
symmetry breaking (EWSB): G ≡ SU(2)L ⊗ SU(2)R →
H ≡ SU(2)L+R, giving rise to three Goldstone bosons
which account for the longitudinal polarizations of the
W± and Z gauge bosons. Although most recent works
concentrate in the particular case of a linear realization
of EWSB, assuming the Higgs boson to be part of a
SU(2)L doublet, as in the SM, we will consider the more
general non-linear framework with a singlet Higgs field
h(x), unrelated to the Goldstone triplet ~ϕ(x). The Gold-
stone fields are parametrized through the canonical G/H
coset representative [2–5] u(ϕ) = exp ( i2 ~σ~ϕ/v), with
v = 246 GeV the electroweak scale. Under chiral trans-
formations g ≡ (gL, gR) ∈ G, u(ϕ) → gLu(ϕ)g†h(ϕ, g) =
gh(ϕ, g)u(ϕ)g
†
R, with gh(ϕ, g) ≡ gh ∈ H [6–8].
The effective Lagrangian is organized as a low-energy
expansion in powers of momenta (and symmetry break-
ings): L = ∑d Ld, with Ld of O(pd). At lowest-order
(LO), O(p2), it contains the renormalizable massless (un-
broken) SM Lagrangian plus the Goldstone term
L2(ϕ) = v
2
4
〈DµU†DµU〉 = v
2
4
〈uµuµ〉 , (1)
where U = u2 → gLUg†R, uµ = i u (DµU)†u = u†µ →
ghuµg
†
h and 〈O〉 denotes the 2-dimensional trace of O.
Eq. (1) is the universal Goldstone Lagrangian associ-
ated with the symmetry breaking G → H. The same
structure with v → fpi and ~ϕ → ~pi governs the low-
energy pion dynamics in 2-flavour Quantum Chromo-
dynamics (QCD) [9]. The covariant derivative DµU =
∂µU − iWˆµU + iUBˆµ couples the Goldstones to exter-
nal SU(2)L,R gauge sources, making the Lagrangian for-
mally invariant under local G transformations. The iden-
tification with the SM gauge fields, Wˆµ = − g2 ~σ ~Wµ and
Bˆµ = − g
′
2 σ3Bµ, breaks explicitly the SU(2)R symmetry
while preserving the SU(2)L ⊗ U(1)Y SM symmetry.
The non-linear Lagrangian (1) contains arbitrary pow-
ers of Goldstone fields, compensated by corresponding
powers of the scale v. Since h and ~ϕ are assumed to have
similar origins, powers of h/v do not increase either the
chiral dimension. Therefore, in the EWET the term (1)
must be multiplied by an arbitrary function of the Higgs
field Fu(h/v) [10]. L2 includes in addition the kinetic
Higgs Lagrangian, with mass mh, and a scalar potential
V (h/v) containing arbitrary powers of h/v.
At the next-to-leading order (NLO), one must consider
one-loop contributions [11] from the LO Lagrangian plus
O(p4) local structures. Restricting the analysis to bosonic
fields and assuming that parity (P : L ↔ R) is a good
symmetry of the EWSB sector,
LBosonic4 =
∑
i
Fi(h/v)Oi , (2)
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2O1 = 14 〈 fµν+ f+µν − fµν− f−µν 〉 O6 = 1v2 (∂µh)(∂µh) 〈uνuν 〉
O2 = 12 〈 fµν+ f+µν + fµν− f−µν 〉 O7 = 1v2 (∂µh)(∂νh) 〈uµuν 〉
O3 = i2 〈 fµν+ [uµ, uν ] 〉 O8 = 1v4 (∂µh)(∂µh)(∂νh)(∂νh)
O4 = 〈uµuν 〉 〈uµuν 〉 O9 = 1v (∂µh) 〈 fµν− uν 〉
O5 = 〈uµuµ 〉2
TABLE I. O(p4) P-even bosonic operators of the EWET.
with Fi(h/v) arbitrary polynomials of h/v. A basis of
NLO operators Oi was written down by Longhitano in
the Higgsless theory [12–14], which must now be ex-
panded with structures involving explicitly the Higgs
field [15–17]. Table I collects the P-even operators which
preserve custodial symmetry (H). For convenience, the
left and right field-strength tensors have been re-written
in terms of fµν± ≡ u†Wˆµνu ± u Bˆµνu†, which transform
as triplets under G: fµν± → ghfµν± g†h.
All information on the underlying short-distance dy-
namics is encoded in the low-energy couplings (LECs)
multiplying these operators. They can be accessed exper-
imentally through precision measurements of anomalous
triple and quartic gauge couplings, scattering amplitudes
of longitudinal gauge bosons, Higgs couplings, etc. Once
a clear pattern of LECs would emerge from the data, one
would like to identify the physics originating these effects
at high scales. In this letter, we analyze the low-energy
signals of generic massive bosonic states, following the
successful methodology developed in QCD to determine
the LECs of chiral perturbation theory [4, 5, 18, 19].
RESONANCE EFFECTIVE THEORY
Above the energy gap, the underlying dynamical the-
ory (either effective or fundamental) contains the SM
fields plus heavier degrees of freedom. We will concen-
trate here in new massive bosonic states (resonances R),
postponing to future work the more involved study of ad-
ditional fermions [20]. Technicolor [21–23] and Walking
Technicolor [24–26], the most studied strongly-coupled
models, predict the existence of bound states in the TeV
range. The analysis of the oblique S and T parameters in
near-conformal theories requires masses of at least a few
TeV for the lightest spin-1 resonances [6, 7, 27–29]. Like-
wise, composite fermions (technibaryons) are expected to
appear above the TeV scale [30].
The exchange of heavy fields (propagators) contributes
to Green functions with only light fields in the external
lines. At low energies, these contributions are suppressed
by powers of momenta over the heavy masses and, there-
fore, those states closer to the gap (the lightest heavy
states) will dominate.
Let us consider an effective Lagrangian containing the
SM fields coupled to the lightest scalar, pseudoscalar, vec-
tor and axial-vector colour-singlet resonance multiplets
S, P , V µν and Aµν , transforming as SU(2)L+R triplets,
i.e., R → ghRg†h, and the corresponding singlet states
S1, P1, V
µν
1 and A
µν
1 (R1 → R1). Since we are inter-
ested in the low-energy implications, we only need to
keep those structures with the lowest number of reso-
nances and derivatives. At LO, the most general P-even
bosonic interaction with at most one resonance field, in-
variant under the symmetry group G, has the form:
L = v
2
4
〈uµuµ〉
(
1 +
2κW
v
h+
4cd√
2v2
S1
)
+ λhS1v h
2S1
+
FV
2
√
2
〈Vµνfµν+ 〉+
iGV
2
√
2
〈Vµν [uµ, uν ]〉+ FA
2
√
2
〈Aµνfµν− 〉
+
√
2λhA1 ∂µh 〈Aµνuν〉+
dP
v
(∂µh) 〈Puµ 〉 . (3)
In the first term we have included the linear Higgs cou-
pling to the Goldstones which for κW = 1 reproduces the
gauge coupling of the SM Higgs. We have only made other
Higgs couplings explicit when they give rise to new oper-
ators (all couplings must be actually understood as func-
tions of h/v). The number of chiral structures has been
reduced through field redefinitions, partial integration,
equations of motion and algebraic identities [20]. No-
tice that the singlet vector, axial-vector and pseudoscalar
fields, and the scalar triplet cannot couple to the Gold-
stones and gauge bosons at this chiral order. The spin-1
fields are described with antisymmetric tensors because
this leads to a simpler formalism, avoiding mixings with
the Goldstones, and better ultraviolet properties [4, 5].
The low-energy EWET of the Lagrangian (3) is for-
mally obtained, integrating out the heavy fields from the
generating functional and expanding the resulting non-
local action in powers of momenta over the heavy scales.
At LO (tree-level exchanges) this is easily achieved, us-
ing the (power-expanded) equations of motion to express
the heavy fields in terms of the SM ones, and substitut-
ing back those expressions in the resonance Lagrangian
[4]. Writing the linear resonance couplings in the form
LR = 〈Vµν χµνV 〉+ 〈Aµν χµνA 〉+ 〈P χP 〉+ S1 χS1 , (4)
the result can be expressed in terms of the chiral struc-
tures χµνR , χR, which only involve SM fields and can be
directly read from Eq. (3) [20]:
∆LO(p4)R =
∑
R=V,A
1
M2R
(
1
2
〈χµνR 〉〈χRµν 〉 − 〈χµνR χRµν 〉
)
+
1
2M2P
(
〈χP χP 〉 −
1
2
〈χP 〉2
)
+
χ2S1
2M2S1
. (5)
Decomposing this expression in terms of the operator ba-
sis Oi, one obtains the predictions for the EWET LECs
given in Table II. The S1-exchange term generates in ad-
dition an O(p4) correction to the lowest-order EWET
3F1 = F
2
A
4M2
A
− F2V
4M2
V
= − v2
4
(
1
M2
V
+ 1
M2
A
)
F2 = − F
2
A
8M2
A
− F2V
8M2
V
= − v2(M4V +M4A)
8M2
V
M2
A
(M2
A
−M2
V
)
F3 = −FV GV2M2
V
= − v2
2M2
V
F4 = G
2
V
4M2
V
=
(M2A−M2V )v2
4M2
V
M2
A
F5 = c
2
d
4M2
S1
− G2V
4M2
V
=
c2d
4M2
S1
− (M2A−M2V )v2
4M2
V
M2
A
F6 = − (λ
hA
1 )
2v2
M2
A
= −M2V (M2A−M2V )v2
M6
A
F7 = d
2
P
2M2
P
+
(λhA1 )
2v2
M2
A
=
d2P
2M2
P
+
M2V (M
2
A−M2V )v2
M6
A
F8 = 0
F9 = −FAλ
hA
1 v
M2
A
= −M2V v2
M4
A
TABLE II. Predicted LECs from resonance exchange. The
r.h.s. expressions include short-distance constraints.
Lagrangian:
∆L(2)S1 =
λhS1v
2M2S1
h2
{
λhS1v h
2 +
√
2cd 〈uµuµ 〉
}
. (6)
The predicted spin-1 contributions are independent of
the (antisymmetric) formalism adopted to describe the
fields. The same results are obtained using Proca fields or
a hidden-gauge formalism [31, 32], once a proper ultravi-
olet (UV) behaviour is required (physical Green functions
should not grow at large momenta) [5, 20].
The LECs Fi(h/v) are related to the Higgsless Longhi-
tano’s Lagrangian couplings [12, 13, 33], frequently used
in previous literature, through a1 = F1(0), a2 − a3 =
F3(0), a4 = F4(0) and a5 = F5(0); all other combi-
nations being zero within our approximations. Possible
low-energy contributions from exotic JPC = 1+− heavy
states haven been analyzed in Ref. [34].
SHORT-DISTANCE CONSTRAINTS
The integration of the heavy fields has generated a def-
inite pattern of LECs in terms of the resonance masses
and couplings. Even if these parameters are unknown,
the particular quantum numbers of a given intermediate
resonance give rise to clear correlations among several
LECs, which could be phenomenologically identified in
future data samples. These predictions can be sharpened,
assuming a given UV behaviour of the underlying fun-
damental theory. Imposing the expected fall-off at large
momenta of specific Green functions, one obtains con-
straints on the resonance parameters which are valid in
broad classes of dynamical theories.
Taking functional derivatives of the action with re-
spect to the external sources Wˆµ, Bˆµ, one defines the
corresponding left/right (vector/axial) currents. The 2-
Goldstone matrix element of the vector current is char-
acterized by the vector form factor
FVϕϕ(s) = 1 +
FVGV
v2
s
M2V − s
. (7)
Requiring FVϕϕ(s) to vanish at infinite momentum trans-
fer gives the relation [4, 5]
FVGV = v
2 . (8)
Applying a similar reasoning to the Higgs-Goldstone ma-
trix element of the axial current, one obtains [6, 7]:
FAλ
hA
1 = κW v . (9)
The two-point correlator of a left and a right cur-
rents, ΠLR(s) = ΠV V (s)−ΠAA(s), is an order parame-
ter of EWSB. In asymptotically-free gauge theories [35]
it vanishes as 1/s3, at large momenta. This implies
UV super-convergence properties, the so-called Weinberg
Sum Rules (WSRs) [36]:
F 2V − F 2A = v2 , F 2V M2V − F 2AM2A = 0 , (10)
which have been widely used in QCD [4, 5]. In the
electroweak case, they constrain the gauge boson self-
energies [37]. These two conditions determine FV and FA
in terms of the resonance masses and imply MV < MA.
At the one-loop level, and together with (8) and (9), the
WSRs imply also a relation between the Higgs gauge cou-
pling and the resonance masses [6, 7]:
κW = M
2
V /M
2
A . (11)
Using the identities (8), (9), (10) and (11), all O(p4)
LECs can be written in terms of MV , MA and v, plus
the scalar/pseudoscalar parameters entering F5 and F7.
These improved predictions, shown in the r.h.s. expres-
sions in Table II, are valid in dynamical scenarios where
the two WSRs are fulfilled, as happens in asymptotically-
free theories. Softer conditions can be obtained imposing
only the first WSR [6, 7, 20], which is also valid in gauge
theories with non-trivial UV fixed points [37].
Notice that the expressions derived in the previous sec-
tion for the LECs are generic relations which include the
functional dependence on h/v hidden in the couplings.
This is however no-longer true for our improved pre-
dictions incorporating short-distance constraints, where
only constant couplings have been considered. Thus, the
r.h.s. expressions in Table II give the O(h0) term in the
expansion of the corresponding LECs in powers of h/v.
In figure 1 the numerical values of the different LECs
Fk ≡ Fk(0) are shown as functions of MV , after imposing
the short-distance constraints. The light-shaded regions
indicate all a priori possible values forMA > MV . F2 can-
not be bounded with the current information and is not
shown. The dashed blue, red and green lines correspond
to κW = M
2
V /M
2
A = 0.8, 0.9 and 0.95, respectively. A
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FIG. 1. Predicted O(p4) LECs for asymptotically-free theories, as function of MV . The light-shaded regions cover all possible
values for MA > MV , while the blue, red and green lines correspond to κW = M
2
V /M
2
A = 0.8, 0.9 and 0.95, respectively. F3
does not depend on MA. The oblique S and T constraints restrict the allowed ranges (95% C.L.) to the dark areas.
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FIG. 2. Scalar and pseudoscalar contributions to F5 and F7, respectively.
single dashed purple curve is shown for F3, which is in-
dependent of MA.
The experimental bounds on the oblique parameters S
and T imply that κW > 0.94 and MV > 4 TeV (95%
C.L.), when the two WSRs apply [6, 7]. The analysis
of one-loop resonance contributions to S and T [6, 7]
restricts the allowed values of the LECs to the dark areas
shown in the figures, which results in quite strong limits
(95% C.L.): −2 × 10−3 < F1 < 0, −2 × 10−3 < F3 < 0,
0 < F4 < 2.5× 10−5, −9× 10−5 < F6 < 0, −4× 10−3 <
F9 < 0. These constraints would be softened in scenarios
where only the 1st WSR applies [6, 7].
The exchanges of scalar and pseudoscalar resonances
only manifest in F5 and F7. These contributions can be
isolated through the combinations F4 +F5 and F6 +F7
which depend only on the ratios MS1/cd and MP /dP ,
respectively. The predicted values are shown in figure 2.
SUMMARY
We have analyzed in a model-independent way the low-
energy implications of generic heavy resonances, from an
underlying strongly-coupled dynamics, through their im-
prints on the LECs of the EWET. This is the only ex-
perimentally accessible information below the energy gap
which separates the known particles from heavier new-
physics states.
Integrating out the heavy fields, one gets the predic-
tions given in Table II in terms of resonance parameters.
Adding mild assumptions about the UV dynamical be-
haviour, valid in a broad variety of new-physics scenarios,
our results lead to very strong constraints [20], some of
which are shown in the r.h.s of Table II and in figures 1
and 2. The resulting pattern of LECs, with clear corre-
lations characterizing the different quantum numbers of
the massive states, will help to infer the type of short-
distance physics underlying any deviation from the SM
seen in future data.
5The LECs F1−5 induce anomalous gauge-boson cou-
plings, F1,3 are relevant for the oblique S parameter [6–8]
and the γγ →WW amplitude [38, 39], and F4−8 enter in
WW → WW,hh scattering [40–42]. At present, the ex-
perimentally most strongly constrained LEC is F1 which
gives a direct tree-level contribution to the oblique S pa-
rameter, ∆S = −16piF1 (reflected in figure 1 at NLO).
Future e+e− colliders (LC/GigaZ) could bring a factor
of 5 improvement in precision, reaching δS ∼ ±0.02 [43]
or δF1 ∼ 4 · 10−4.
The combined analysis of LEP and collider data
bounds the anomalous triple gauge-boson couplings in
the range |∆gZ1 |, |∆κZ |, |∆κγ | <∼ O(10−1) [44, 45], which
translates in a poor bound |F3| <∼ O(10−1). While size-
able improvements are to be expected at the LHC, the
LC could achieve [43, 46] |F3| ∼ |∆κγ |/g2 ∼ 5 · 10−4,
becoming sensitive to the values predicted in figure 1.
Regarding anomalous quartic gauge-boson couplings,
LHC has provided the first evidences on WW scatter-
ing [42], giving bounds of the order of |F4,5| <∼ O(10−1).
Future LHC runs are expected to reduce the uncertain-
ties on these two LECs down to O(10−3) [47]. This is
not enough to become sensitive to vector-exchange con-
tributions, but could allow us to pin down a scalar-singlet
effect on F5 in the range indicated in figure 2.
The LECs F6−9 involve the Higgs field in the external
legs and are still unknown. Some experimental informa-
tion on these couplings will be obtained through single-
Higgs and multi-Higgs production processes at the LHC
and/or other future colliders.
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